Background: Attention-deficit/hyperactivity disorder (ADHD) is a highly heritable neurodevelopmental disorder, yet the search for genes with a definitive role in its etiology has been elusive. Deconstructing the disorder in its endophenotypic traits, where the variance is thought to be associated with a fewer number of genes, should boost the statistical power of molecular genetic studies and clarify the pathophysiology of ADHD. In this study, we tested for neuroanatomical and cognitive endophenotypes in a group of adults with ADHD, their unaffected first-degree relatives, and typically developing control subjects.
A ttention-deficit/hyperactivity disorder (ADHD) is a childhoodonset neurodevelopmental disorder (1) , with symptoms persisting into adulthood in approximately 50% of individuals (2, 3) . Several genetic studies have shown convincing evidence that ADHD is highly heritable (4, 5) . Yet, attempts to find genes and the genomic variants that increase susceptibility to ADHD have led to inconsistent results (6) . To increase statistical power to identify susceptibility genes in ADHD, endophenotype strategy has become appealing. Endophenotypes are internal, quantitative traits assumed to be closer to the expression of the genes than the clinical picture per se. If the clinical phenotype is reduced to its basic neurocognitive components, the number of genes associated with variation in these components might be fewer compared with the number of genes linked to the overt clinical phenotype. Reducing the number of genes to test for should enhance the statistical power in molecular genetic studies aimed at discovering susceptibility genes for a disorder (7) (8) (9) (10) (11) . Brain morphology measured by magnetic resonance imaging (MRI) is likely to be a useful endophenotype because it meets several of the criteria an endophenotype should possess: heritable, associated with the disorder, and expressed at higher rates in unaffected relatives of probands with ADHD than individuals drawn from the general population (9, 11, 12) . Durston et al. (13) measured brain morphology in children with ADHD and their unaffected siblings and found volume reduction in the right prefrontal cortex in both ADHD children and their siblings, demonstrating that neuroanatomical measurements may lead to discovering endophenotypes in childhood ADHD. Nonetheless, this is the only study on neuroanatomical endophenotypes in ADHD and only in children.
Indeed, there are more than two dozen structural MRI studies in children and only a few in adults (14) . Overall, results show that the neuroanatomical impairments are located in neural networks subserving attention and executive functions such as dorsolateral prefrontal cortex, cerebellum, inferior parietal lobule, and anterior cingulate cortex, including white matter abnormalities in the cingulum bundle and the inferior and superior longitudinal fasciculi. Moreover, it is becoming apparent that neuroanatomical abnormalities at subcortical level generally identified in children might ameliorate with age (15) (16) (17) , independent from medication status (16, 17) . Recent reviews mainly based on works with children highlighted a brain network displaying functional and structural abnormalities in ADHD, the cingulo-frontal-parietal (CFP) cognitive/attention network (18) (19) (20) (21) . The CFP network includes caudate nucleus and putamen at the subcortical level, and at the cortical level, it includes the cerebellum, dorsal anterior mid cingulate cortex, dorsolateral prefrontal cortex, ventrolateral prefrontal cortex including inferior frontal gyrus, and angular gyrus (19) . These regions are thought to work in concert with each other to support normal cognition, attention, and motor control processes (18, 19) .
The aim of this study was to test the hypothesis that adults with ADHD and their unaffected first-degree relatives share gray matter and white matter abnormalities using the CFP network as theoretical framework. Given the CFP network mainly includes cortical areas and that previous data showed the cortex as the primary source of volumetric abnormalities, particularly in adult ADHD (16, 22) , gray matter volume analysis focused on a region of interest (ROI) including cortical areas and excluding subcortical regions. However, given the CFP network also includes part of the basal ganglia, we also focused our analysis on a region of interest including the caudate nucleus and putamen. For white matter, a whole-brain approach was adopted to explore both cortical and subcortical white matter differences. Given the CFP network is thought to underpin attentional and cognitive control, we also tested whether common cognitive dysfunctions seen in ADHD, such as response inhibition and sustained attention (23) (24) (25) , are shared among adult ADHD probands and their unaffected first-degree relatives. To test these hypotheses, 20 adult ADHD probands, 20 unaffected first-degree relatives, and 20 typically developing control subjects underwent MRI scan and voxel based morphometry (VBM) analysis with diffeomorphic anatomic registration through an exponentiated lie algebra algorithm (DARTEL) and completed two computerized tasks tapping response inhibition and sustained attention.
Methods and Materials

Participants
Twenty ADHD patients, 20 unaffected first-degree relatives of ADHD patients, and 20 typically developing participants matched for age and gender were included. Written consent was obtained and the study was approved by the Cambridgeshire 3 Research Ethics Committee (REC: 09/H0306/38). Attention-deficit/hyperactivity disorder proband-relative pairs were recruited from the Adult ADHD Research Clinic, Addenbrooke's Hospital, Department of Psychiatry, University of Cambridge. Patients received a diagnosis of ADHD according to DSM-IV Text Revision (26) , based on a full clinical interview with the patient and an informant who had known the patient since childhood. The clinical assessment also included rating scales: Barkley Adult ADHD Rating Scale, self-report and informant report, childhood and adulthood symptoms (27) , assessing childhood and adulthood symptoms from the perspective of the patient and the informant. Eligible patients were asked to contact a first-degree relative who undertook the same clinical protocol to screen for undiagnosed adult ADHD. Control participants were recruited via posters in the local community and completed the same screening procedure.
On the testing day, all participants were interviewed using the Mini International Neuropsychiatric Inventory (28) to screen for DSM-IV Axis I disorders and completed the Barkley Adult ADHD Rating Scale, self-report (29) . Estimate of full IQ was obtained using the National Adult Reading Test (NART) (30) . Neither control subjects nor first-degree relatives of ADHD probands showed ADHD symptoms meeting the DSM-IV Text Revision diagnostic threshold for ADHD. Moreover, they did not show clinically significant symptoms of another DSM-IV Text Revision disorder. Finally, ADHD participants did not show relevant symptoms of a comorbid disorder reaching clinical significance for a formal DSM-IV Text Revision diagnosis. To reduce confounds resulting from other major psychiatric and neurological conditions, exclusion criteria were 1) full IQ # 90; 2) current or past history of pervasive developmental disorder, any neurological disorder (including tic disorders), bipolar disorder, substance-use disorders, schizophrenia, or other psychotic disorders; 3) current major depressive disorder; and 4) contraindications to a MRI scan. To minimize the impact of psychotropic medication on cognitive performance, participants were asked to omit taking those 24 hours before testing (31, 32) and were asked to refrain from consuming alcohol or caffeine-containing drinks on the day of testing. The ADHD group comprised 16 patients with combined type and 4 with inattentive type; 16 of them were medicated with methylphenidate, and 4 were not receiving medication for ADHD. None of the participants had a NART full IQ below 90.
Neuropsychological Tasks
All participants completed the Cambridge Neuropsychological Test Automated Battery stop signal task of response inhibition (33) and Cambridge Neuropsychological Test Automated Battery rapid visual information processing test of sustained attention (RVP) (34) (see Supplement 1 for details).
MRI Analysis
Images were acquired at Wolfson Brain Imaging Centre, University of Cambridge, using a Siemens TIM Trio 3T system (Siemens Medical Solutions, Erlangen, Germany) (see Supplement 1 for details). Voxel based morphometry analysis was performed using SPM8 (Welcome Department of Imaging Neuroscience, London, United Kingdom). To improve the registration of the MRI images, we used DARTEL (35) . DARTEL provides improved registration accuracy compared with conventional VBM, and VBM with DARTEL is more sensitive than conventional VBM methods (36) . The following processing steps were implemented: 1) structural images of the 60 participants were used to create a study-specific template; 2) structural images of each participant were applied to unified segmentation and initial import and the imported data were warped to the study-specific template; 3) Jacobian modulation was applied to preserve information about local volumes, generating standard-space modulated images; and 4) images were smoothed with an 8 mm full-width at half maximum kernel. Group level statistical analyses were performed with SPM8 using general linear model, with total intracranial volume (TIV) and age included as covariates.
Conjunction analysis testing for global differences at cluster level was used. Only clusters surviving at familywise error (FWE) or false discovery rate p Ͻ .05, corrected at cluster level with a conservative cluster-forming threshold, αc of .001, are reported. Conjunction analysis testing for global differences allows testing the null hypothesis of no differences between ADHD patients versus control subjects and first-degree relatives versus control subjects [for details about the method see (37, 38) ]. For gray matter, we were mainly interested in cortical areas comprised in the CFP cognitive/attention network; for this reason, one ROI was employed using WFU PickAtlas (ANSIR Laboratory, Department of Radiologic Sciences WFU School of Medicine, Winston-Salem, North Carolina) (39) that included frontal, parietal, temporal, occipital lobes, and cerebellum. A second ROI analysis focused on two regions in the basal ganglia (putamen and caudate nucleus) that are considered part of the CFP network.
Within these ROIs, conjunction analyses testing for global differences at the cluster level was conducted with the conjoined contrasts as (ADHD Ͻ control subjects: À1 0 1; relatives Ͻ control subjects: 0 À1 1) to identify decreased gray matter volume in the ADHD group and their unaffected relatives compared with control subjects. To identify increased gray matter volume in the ADHD group and their unaffected relatives compared with control subjects, the conjoined contrasts were (ADHD Ͼ control subjects: 1 0 À1; relatives Ͼ control subjects: 0 1 À1) [a similar approach is used in (40) ].
For white matter analysis, to explore both cortical and subcortical abnormalities in a nonbiased manner, a whole-brain approach was used. The same conjunction analysis used for gray matter analysis testing for global differences at the cluster level was carried out with the conjoined contrasts as (ADHD Ͻ control subjects: À1 0 1; relatives Ͻ control subjects: 0 À1 1) to detect decreased white matter volume in the ADHD group and their unaffected relatives compared with control subjects. To identify increased white matter volume in the ADHD group and their unaffected relatives compared with control subjects, the conjoined contrasts were (ADHD Ͼ control subjects: 1 0 À1; relatives Ͼ control subjects: 0 1 À1).
To characterize differences between the three groups, cluster regional volume estimates surviving the conjunction analyses were extracted using MarsBaR (41) and imported into SPSS to perform analysis of variance ROI analyses with group (ADHD, relatives, control subjects) as a fixed factor and cluster regional volume estimates as dependent variables. This ROI analysis methodology has been widely implemented in other studies (42, 43) . Given the number of comparisons, a Bonferroni correction was applied; however, when Levene's test for equality of variance was significant, Tamhane correction was used. All brain coordinates are given in Montreal Neurological Institute (MNI) convention. The International Consortium of Brain Mapping Diffusion Tensor Imaging-81 atlas (International Consortium of Brain Mapping Diffusion Tensor Imaging workgroup) was used to assign anatomical labels to white matter structures. Bivariate Pearson correlation analysis between sustained attention performance, response inhibition, and volume estimates from significant clusters was calculated.
Results
Demographic and Clinical Characteristics
The three groups did not differ in age and gender. Attentiondeficit/hyperactivity disorder group scored four points lower than typically developing control subjects on NART full IQ. Attentiondeficit/hyperactivity disorder differed from relatives and control subjects in self-reported current and childhood symptoms. Unaffected first-degree relatives were significantly different from ADHD and control groups on self-reported current hyperactive/ impulsive symptoms, childhood total symptoms, childhood hyperactive/impulsive, and childhood inattentive symptoms (Table 1) . Table 2 shows mean and standard deviation of the test scores for the three groups. There were not significant differences between the three groups for stop signal reaction time (SSRT) scores (F 2,55 ¼ 2.637, p ¼ .081). Post hoc analysis showed a trend toward significance when comparing the ADHD group versus control subjects (p ¼ .064). First-degree relatives were not different from the ADHD and control groups (p ¼ .271; 1.000). Given the trend, we reran the analysis with a less stringent correction for multiple comparisons (Sidak), yet the significance remained unchanged.
Behavioral Analysis
A main effect of group was found for the sustained attention score (RVP-total hits) (F 2,55 ¼ 6.058, p ¼ .004). Post hoc analysis showed that the ADHD group performed worse than the control group (p ¼ .025). First-degree relatives were not different from ADHD (p ¼ 1.000) but performed significantly worse than the control group (p ¼ .005) (Figure 1 ). Mean and standard deviation of the SST and RVP scores. ADHD, attention-deficit/hyperactivity disorder; RVP, rapid visual information processing test of sustained attention; SSRT, stop signal reaction time; SST, stop signal task of response inhibition.
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Neuroimaging Analysis
Multivariate analysis of covariance assessing for TIV and total brain volume with group as a fixed factor and age as a covariate showed no differences between the three groups (TIV: F 2,56 ¼ 1.536, p ¼ .224; total brain volume:
Gray Matter Volume Analysis: Decrease in Gray Matter Volume
Region of interest conjunction analysis showed a cluster of 448 voxels located at the right inferior frontal gyrus (rIFG) (cluster surviving at FWE p ¼ .028; MNI x ¼ 34 y ¼ 15 z ¼ 30) (Figure 2 ). To characterize these abnormalities, we extracted the volume estimates from this cluster and imported them into SPSS for an analysis of variance.
Results showed a main effect of group (F 2,57 ¼ 10.259, p ¼ .0002). Post hoc comparisons revealed that the ADHD group had significantly decreased gray matter volume in the rIFG compared with control subjects (p ¼ .035); first-degree relatives were not different from the ADHD probands (p ¼ .184) but differed from the control group (p Ͻ .001), suggesting that abnormal decrease in gray matter volume in the rIFG was shared by both ADHD probands and their first-degree relatives. Region of interest conjunction analysis on the putamen and caudate nucleus did not show significant decrease in gray matter volume in these regions.
Gray Matter Volume Analysis: Increase in Gray Matter Volume
Region of interest conjunction analysis showed three significant clusters surviving cluster-level FWE correction at p Ͻ .05 (Figure 3) . Two clusters were located in the occipital cortex, with peak voxels centered at the left middle occipital gyrus (L-MoG, Figure 3A ) and at the right superior occipital gyrus (R-SoG, Figure 3B ). One cluster was located in the posterior part of the left dorsal mid cingulate cortex (L-dmCC, Figure 3C ).
Analysis of variance on the regional volume estimates extracted from the L-MoG showed a main effect of group (F 2,57 ¼ 7.576, p ¼ .001). Post hoc comparisons revealed that the ADHD group had significantly increased gray matter volume in the L-MoG compared with control subjects (p ¼ .001); first-degree relatives were not different from the ADHD probands (p ¼ .110) or from the control group (p ¼ .259). Analysis of variance on volume estimates extracted from R-SoG showed a main effect of group (F 2,57 ¼ 6.733, p ¼ .002), and post hoc comparisons revealed that the ADHD group had significantly increased gray matter volume in the R-SoG compared with control subjects (p ¼ .002); first-degree relatives were not different from the ADHD probands (p ¼ .137) or from the control group (p ¼ .334). Similar results were found in the L-dmCC showing a main effect of group (F 2,57 ¼ 4.904, p ¼ .011), and post hoc comparisons revealed that the ADHD group had significantly increased gray matter volume in the L-dmCC compared with control subjects (p ¼ .010); firstdegree relatives were not different from the ADHD probands (p ¼ .121) or from the control group (p ¼ 1.000). Region of interest Figure 1 . Sustained attention score according to group. Higher score indicates better performance. Attention-deficit/hyperactivity disorder (ADHD) and relatives did not differ from each other and were performing significantly worse than control subjects. *For significant differences, p Ͻ .05. Error bars represent standard error of the mean (SEM). RVP, rapid visual information processing test of sustained attention. conjunction analysis on the putamen and caudate nucleus did not reveal significant increase in gray matter volume.
White Matter Volume Analysis: Decrease in White Matter Volume
Whole-brain conjunction analysis did not reveal significant decrease in white matter volume between groups.
White Matter Volume Analysis: Increase in White Matter Volume
Whole-brain conjunction analysis showed a cluster of 288 voxels with peak local maxima (MNI coordinates x ¼ 15, y ¼ À90, z ¼ 4) at the posterior portion of the right inferior fronto-occipital fasciculus (r-iFoF) (cluster-level FWE correction p Ͻ .05) (Figure 4) . Analysis of variance showed a main effect of group (F 2,57 ¼ 10.337, p Ͻ .001). Post hoc analysis confirmed that the ADHD group had an abnormal increase in white matter volume compared with control subjects (p Ͻ .001) and that there were no differences between the ADHD group and their first-degree relatives (p ¼ .343); first-degree relatives were statistically different from control subjects (p ¼ .011). The results suggest that white matter abnormalities in the posterior portion of the r-iFoF were shared between ADHD probands and their unaffected firstdegree relatives. 
Correlation between Neuroanatomical and Cognitive Measures
Bivariate Pearson correlation was calculated between gray and white matter volume estimates (extracted from the rIFG and r-iFoF) and sustained attention and response inhibition scores (RVP-total hits and SSRT, respectively) across groups. Gray matter volume estimates in the rIFG correlated with RVP-total hits, but not with SSRT, while white matter volume estimates in the r-iFoF correlated with SSRT but not with sustained attention score (Table 3; Figure 5 ).
Discussion
The aim of this study was to test for putative neuroanatomical and cognitive endophenotypes in adult ADHD in the CFP cognitive/attention network, which is thought to have a role in the pathophysiology of ADHD. Results could not be explained by nonspecific confounds such as age or variation in total intracranial or brain volume, since these were not statistically different between groups. Moreover, the effects of age and TIV were controlled for in the analyses. Although the ADHD group had a lower full IQ compared with control subjects, the first-degree relatives of ADHD participants had an IQ comparable with the control and the ADHD groups. Therefore, shared impairments between relatives and ADHD probands are less likely to be explained in full by variability in intellectual abilities. Finally, despite not being statistically significant, there were trend-level gender differences across groups. However, previous research in adult ADHD has shown no evidence that gender moderates the phenotypic expression of the disorder or the patterns of cognitive and psychosocial functioning (44, 45) .
Here, we identified both neuroanatomical and cognitive putative endophenotypes. Neuroanatomically, the ADHD group had gray matter volume decrease in the rIFG and white matter volume increase in the posterior part of the r-iFoF, and these abnormalities were shared by both ADHD probands and their unaffected first-degree relatives. Moreover, sustained attention impairments were also shared among ADHD probands and their unaffected first-degree relatives. This suggests that these abnormalities are at least partly mediated by factors common to both groups and might indicate vulnerability markers for adult ADHD. We did not test for heritability of sustained attention, which is another criteria to be met for a putative endophenotype; however, others have shown that sustained attention is substantially genetically determined, with heritability estimates of about 60% (46) . Our results demonstrate that first-degree relatives of ADHD probands, while not behaviorally expressing the disorder, have similar neurocognitive deficits as their ADHD relatives. Significant correlation between gray and white matter volume and measure of sustained attention and response inhibition.
r-IFG, right inferior frontal gyrus; r-iFoF, right inferior fronto-occipital fasciculus; RVP, rapid visual information processing test of sustained attention; SSRT, stop signal reaction time.
a Significant correlation (two tails). Decrease in gray matter density in the rIFG in ADHD has been observed in other studies (47) . Interestingly, activation in the rIFG is not uniquely related to response inhibition but instead to attentional allocation when a stimulus is detected. Specifically, the rIFG is recruited when important cues are detected, regardless of whether the detection is followed by inhibition of a motor response (48) . The present correlation result is consistent with findings from Hampshire et al. (48) . They found a positive correlation between gray matter volume in the rIFG and sustained attention scores, such that the less gray matter volume, the poorer the performance on a task specifically requiring vigilance and attentional allocation. These results suggest that impairments in sustained attention seen in ADHD and first-degree relatives might be, in part, related to rIFG, since gray matter abnormalities were also shared among our group of adults with ADHD and their unaffected first-degree relatives.
A trend toward significant impairments in response inhibition in the ADHD group was present, and therefore we cannot exclude that with an increase in sample size results would become significant. However, the absence of clear impairments, even when using a less stringent correction for multiple comparisons, and the lack of correlation between response inhibition measure and rIFG volume are consistent with previous research showing that in individuals with ADHD impulsivity improves with age, while attentional impairments remain (49) . White matter abnormalities in the posterior part of the r-iFoF were shared between the ADHD group and the first-degree relatives, suggesting that white matter abnormalities in this portion of the connectome are an endophenotype for adult ADHD. Importantly, this result is consistent with previous research showing white matter volume increase in adult ADHD (22) . We did not test for heritability; however, previous studies have shown that one third of the variance of the inferior fronto-occipital fasciculus (iFoF) is genetically driven (50) . Functionally, the integrity of the iFoF correlates with performance on executive function tasks (51) . The present positive correlation between white matter volume in the iFoF and SSRT score might suggest that an abnormal increase in white matter volume in the iFoF reduces response inhibition abilities; however, this correlation becomes a trend without all data points included, and therefore this finding requires further replication. Nonetheless, this result is consistent with recent research highlighting a role of the iFoF in stopping performance (52) .
It is known that white matter continues to develop until the late 20s (53); thus, it is plausible that some genetic processes mediating white matter development may be altered in adult ADHD, as well as in their unaffected first-degree relatives. Our results are consistent with the view that neurotrophic factors, which support neuronal survival and differentiation during development and participate in synaptic efficiency and neuronal plasticity in the adult nervous system, might be candidates in the pathophysiology of ADHD. There are known genes, such as the NTRK1 and NTRK2, that encode a high-affinity receptor for nerve growth factor, a neurotrophin involved in neural development and myelination. A variant in the neurotrophin gene, BDNF, has previously been associated with white matter integrity in the iFoF in young adults (54) . Given that we found white matter abnormalities in the r-iFoF, it is intriguing to hypothesize a potential role of this gene variant in the pathophysiology of ADHD. Moreover, given the link between r-iFoF and stopping performances, it might be that the same gene also has an effect on response inhibition variability. Research has already identified other potential associations between adult ADHD and other nerve growth factor receptors such as ciliary neurotrophic factor receptor and has suggested association of NTRK2 in childhood ADHD (55) . Using endophenotypes identified here, further research might explore the role of NTRK1, NTRK2, and BDNF genes in adult ADHD.
Attention-deficit/hyperactivity disorder individuals had abnormal increase in gray matter volume compared with control subjects in the L-MoG, R-SoC, and L-dmCC. Recently, Seidman et al. (56) found gray matter volume increase in occipital regions in adult ADHD. Occipital cortex interacts with the dorsal attentional network to maintain attention and to suppress attention to irrelevant stimuli (57) . Distractibility, which can manifest as a failure to ignore extraneous stimuli, is one of the core symptoms of ADHD. Therefore, abnormalities in the occipital cortex might relate to impairments in early-stage attentional mechanisms (58) . We also reported an increase in gray matter volume in the posterior part of the middle cingulate cortex. Although increase in gray matter volume is rarely emphasized in the literature on ADHD, our results are consistent with a recent meta-analysis examining more than 300 participants with ADHD (16) . From a functional standpoint, the posterior part of the dorsal mid cingulate cortex is part of the default network that is considered a physiological baseline of the brain where activity is consistently diminished during cognitive tasks and increased during rest (59) . Intriguingly, some evidence suggests that ADHD might be also linked to dysfunction in the default mode network (60) , with abnormal recruiting of the middle cingulate cortex in adults with ADHD seen as a source of poor attentional performance during the RVP task (61) . Increase in white and gray matter volume might relate to abnormalities in the typical neuroanatomical developmental trajectories (62) , which, in turn, might mediate overt behavior in adults with ADHD. These results may be the consequence of a relative imbalance in gray-white matter ratio during development in which there is excessive growth or, more likely, ineffective pruning. Research has shown that cortical pruning in ADHD is not as effective as in typically developing individuals (63) . In addition, the present results are consistent with findings showing that slow rate of cortical thinning (reflecting cortical pruning) correlates with hyperactivity/impulsivity in children, such that individuals with the more symptoms show slower rate of cortical thinning (64) .
In summary, we have demonstrated for the first time that neuroanatomical and cognitive impairments implicated in ADHD in adulthood are shared between individuals with ADHD and their unaffected first-degree relatives, highlighting neurocognitive vulnerability markers for adult ADHD. These findings correspond with the recent development of the Research Domain Criteria approach (65) and might have implications for facilitating treatment discovery tuned by a biomarker approach (66) . CMD was an employee of GlaxoSmithKline (GSK) at the time of the study and receives consultancy fees from GSK. ETB is employed half-time by GSK and half-time by the University of Cambridge; he holds stock in GSK. BJS consults for Cambridge Cognition, Servier, and Lundbeck; she holds a grant from Janssen/J&J. UM has received honoraria for consultancy and speaking at conferences and travel expenses from Bristol-Myers Squibb, Eli Lilly, Janssen-Cilag, Lundbeck, Pharmacia-Upjohn, and UCB Pharma. The remaining authors 
